Introduction
In distribution systems, water usually contains a very low average amount of suspended particles, but its concentration varies throughout the network. Many of these suspended particles sediment and form deposits in areas where the hydraulic conditions are favourable (Gauthier et al., 1999) .
Suspended particles in drinking water (DW) systems are composed by a large variety of components, making it difficult to establish cause-effect relations that enable the identification of the role of the different components in the sorption of chemical contaminants. In this work, DW suspended particles are simulated through the use of clay and iron oxide fine powders since these two components are common in natural and DW systems (Meunier, Fradin, 2005; Mustafa et al., 2004) and their mutual interactions in water systems have been only scarcely assessed previously.
The type of clay used in this study was kaolin. Kaolinite, the main constituent of kaolin, is made up of tiny (of the order of a few micrometers), thin, pseudohexagonal, flexible sheets of triclinic crystals. The cation exchange capacity of kaolinite is in the order of 2-10 meq/100 g, depending on the particle size, but the rate of the exchange reaction is fast, almost instantaneous (WHO, 2005) .
Iron oxide can easily be found in natural aqueous systems as a discrete mineral component, as well as in drinking water distribution systems due to the corrosion of pumping equipment, valves, tanks and piping (Hussain, 2001 ).
There are six types of iron oxides, hematite (α-Fe2O3), magnetite (Fe3O4), maghemite (γ-Fe2O3), β-Fe2O3, ε-Fe2O3 and Wüstite (FeO) (Cornell, Schwertmann, 2003) .
Hematite, chosen for these studies, is the oldest known iron oxide mineral and is extremely stable, often being the final stage of transformations of other iron oxides (Szalay, 2012) .
Hematite particles are known to have heterogeneous surfaces, including topographic features and defects, such that only certain portions of the surface will be reactive to any given chemical process (Madden et al., 2006) .
A vast number of chemical contaminants have been identified in DW. The contamination sources include municipal and industrial discharges, urban and rural runoff, natural geological formations, DW pipe and reservoir surface materials degradation and the DW treatment process (Calderon, 2000) . Another possible cause is a deliberate contamination of DW distribution networks (Gleick, 2006) , which was the main motivation of the present work.
The presence of pesticides in the environment and the threat they pose to wildlife and mankind, constitute a serious problem. Although the use of pesticides certainly constitutes an important aspect of modern agriculture, improving longevity and the quality of life, pesticides are poisons and can be particularly dangerous when misused (Rao, Hornsby, 1989; Lagaly, 2001) or used with foul intentions.
Paraquat (1,1-dimethyl-4,4-dipyridinium dichloride), a quaternary ammonium herbicide, is highly soluble in water and widely used in agriculture due to its nonselective action within plant cells (Tsai et al., 2003a) and until recently it held the largest share of the global herbicide market (Hamadi et al., 2004) . Despite its benefits, this compound is included in a priority list of herbicides of potential concern established for the Mediterranean countries by the European Union (PateiroMoure et al., 2009 ). This compound is extremely toxic and may pose potential environmental hazards to humans, often triggering cases of poisoning. When deliberately or accidentally ingested, its acute toxicity by oral route ranges from 4 to 40 mg kg −1 . However, up to 3.5 mg kg −1 , it can be absorbed through the skin or respiratory route without acute toxic damage (Tsai et al., 2003a; Hamadi et al., 2004; Amondham et al., 2006; Danish et al., 2010; Hsu, Pan, 2007) . Since there is no antidote to reverse the effects of this chemical in the human body, the current use of paraquat results in a health risk (García-Sosa, Ramírez, 2010) . According to the Drinking Water Directive 98/83/EC (Directive, 1998) , the maximum contaminant level for this pesticide has been set as 0.1 µg/l in the European Union.
In order to assess the risk to water safety associated to a deliberate or accidental paraquat contamination in DW network, it is important to understand and quantify the adsorption behavior and kinetics of this herbicide in representative adsorbents.
Paraquat adsorption onto clay and iron oxide minerals has been the topic of several studies (Seki, Yurdakoç, 2005; Rytwo et al., 1996; González-Pradas et al., 2000; Tsai et al., 2002) . However, the published quantitative information concerning kinetics of paraquat sorption onto clay and iron oxide particles and its modeling is very limited (Tsai et al., 2003a) .
This study has the purpose of investigating aspects of paraquat adsorption onto suspended particles of kaolin, with and without the interaction with hematite particles. The frequent presence of iron oxide particles in drinking waters makes it important to assess the combined effects of clay and iron oxide particles on the pesticide sorption process, which were very rarely reported, cf. PateriroMaure et al. (Pateiro-Moure et al., 2010) .
Material and Methods

Materials
Paraquat was purchased as dichloride salt, analytical standard, from Sigma-Aldrich (Portugal). The iron (III) oxide was from Riedel-de Haën. Kaolin was obtained from a natural source and characterized in terms of chemical, mineralogical and granulometric composition, textural properties and particle size.
Characterization of natural source clay
The clay used in these experiments was collected from an unknown natural source. Even though it was suspected to be kaolin, a proper chemical and mineralogical characterization was performed at LNEG (Laboratório Nacional de Energia e Geologia, Porto, Portugal). The elements present in clay were quantified by X-Ray Fluorescence analysis. Clay samples were also subjected to a semi-quantitative mineralogical analysis by X-Ray Diffraction.
Textural characterization of the samples was based on the analysis of nitrogen sorption isotherms measured at 77 K in a Quantachrome NOVA 4200e apparatus (Soares et al., 2010) . BET 1 surface area and micropore volume were calculated using the BET equation and the tmethod, respectively (Villacañas et al., 2006) . Total pore volume, i.e., the sum of micropore and mesopore volumes, was determined from the nitrogen adsorption isotherms at a relative pressure of 0.99. The mesopore volume was obtained by subtracting the micropore volume from the total pore volume. Pore size distributions were obtained from the desorption branch of the isotherm using the Barrett, Joyner and Halenda (BJH) method (Gorgulho et al., 2009) . Particle size was determined in a Coulter Counter LS 230 with small volume model.
Adsorption and desorption procedures
Adsorption experiments were carried out in stirred batch systems, using two combinations of adsorbents: kaolin (2 g/l) and a mixture of kaolin (K) with hematite (IO) (R K/IO = 2:1, with 2 g/l of kaolin) that were put in contact with 100 ml of paraquat solution with an initial solute concentration of 50 mg/l. The assays were conducted at an agitation speed of 440 rpm using a multi-point magnetic stirrer (IKAMAG® RO 15 POWER) for a period of 24 hours at room temperature (23 ºC). Over time, suspension samples were filtered using nylon syringe filters 0.45 µm, 25 mm Ø (VWR International), and analysed according to the analytic method described by Santos et al. (Santos et al., 2011) , by HPLC with a JASCO MO-2015 Plus multi wave-length detector, in a JASCO equipment, in order to measure the concentrations of paraquat remaining in the final solution.
For desorption studies, contaminated kaolin and mixed particles obtained from the adsorption assays were re-suspended in 100 ml of deionised water with an agitation speed of 440 rpm at constant temperature for 60 hours. Samples were processed as previously described.
Adsorbent concentration effect
In order to assess the effect of adsorbent concentration on the adsorption process, experiments were carried out in stirred batches, using several concentrations of adsorbent -kaolin (1; 1.5; 2; 3 g/l) and a kaolin/hematite mixture (1:0.5; 1.5:0.75; 2:1; 3:1.5 g/l:g/l) -that were tested against 100 ml of paraquat solution, with an initial solute concentration of 50 mg/l. The assays were conducted in duplicate for the two cases in a multi-point magnetic stirrer at 440 rpm for a period of 24 hours, at room temperature (23ºC). Collected samples were processed and analysed by HPLC, as described in the previous section. Security, 2015, Vol. 1, jws2015003 27 The procedure described above was also adopted in this study using two agitation speeds (330 and 550 rpm) provided by a multi-point magnetic stirrer (IKAMAG® RO 15 POWER). The adsorbent dosage used was 2 g/l of kaolin and a mixture of kaolin and iron oxide (R K/IO = 2:1) and it was tested against 100 ml of paraquat solution (initial concentration: 50 mg/l) for a period of 4 hours, at room temperature. Samples were taken overtime, filtered using nylon syringe filters 0.45 µm, 25 mm Ø (VWR International) and analysed by HPLC, following the methodology described above.
Agitation speed effect on the adsorption kinetics
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Initial pH effect on paraquat adsorption onto kaolin particles
This assay was conducted similarly to the one applied to determine paraquat adsorption kinetics. A dosage of 2 g/l of kaolin particles was suspended in 100 ml of paraquat (50 mg/l). The assays were conducted at 440 rpm using a multi-point magnetic stirrer (IKAMAG® RO 15 POWER) for a period of 24 hours at room temperature (23ºC).
Initial pH of the paraquat solution was adjusted to two values (3 and 7) using nitric acid (65%) from Emsure and sodium hydroxide solution (0.1 M) prepared using sodium hydroxide salt from Pronalab. Samples were taken over a 24 hours period, processed and analysed by HPLC, following the methodology described above.
Standard solutions and determination of adsorption isotherms
An aqueous stock solution of 200 mg/l of paraquat dichloride was prepared using deionized water, previously filtered with 0.45 µm nylon filter membranes 47 mm Ø from Supelco (Sintra, Portugal). From this stock solution, standard solutions of 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mg/l were prepared using deionized water.
Based on the adsorption kinetics assays, an equilibrium time was set and the isotherms were determined, using 12 well polystyrene test plates (Orange Scientific), with different mass ratios of chemical contaminant (pesticide) versus particles. Tests were performed at 8ºC and 28ºC. A constant mass of adsorbent (kaolin 10 g/l and iron (III) oxide 5 g/l) was exposed to a range of paraquat concentrations between 5 and 100 mg/l during 4 h at 150 rpm using an orbital mixer (CERTOMAT® BS-1, Sartorius AG, Germany). Each well represented one paraquat/sorbent ratio and the assays were conducted in duplicate. These assays included a control to check if there was any pesticide retained by the polystyrene of the microplate, and a blank assay. The blank assays were performed with the water resulting from the filtration of the aqueous suspensions and were used to verify that the water did not contain any compound that could interfere in the identification and/or quantification of paraquat.
Data Fitting
Adsorption kinetic parameters
The study of adsorption kinetics is a useful tool to describe and assess the solute uptake rate by gaining a quantified insight on the adsorption reaction mechanisms which involve external mass transfer, internal molecular diffusion and surface reaction phenomenon during the overall adsorption process (Tsai et al., 2004; Ma et al., 2012) . In drinking water distribution systems, these data are needed to predict the spread of contamination along the DW network.
Considering that the fast decrease in the paraquat concentration measured in the bulk liquid at a short time scale suggests a strong electrostatic interaction between the negatively charged surface of the adsorbents and the paraquat cation (Tsai et al., 2003a) , a pseudo-second order kinetic model (Qiu et al., 2009; Ho, McKay, 1999) was fitted to the experimental data obtained in the present work:
The differential rate equation has the following form:
( 1) where t (min) is the time; k (g/mgmin -1 ) is the rate constant of sorption; q e (mg/g) is the amount of paraquat adsorbed at equilibrium and q t (mg/g) is the amount of paraquat on the surface of the adsorbent at any time.
Separating the variables in Eq. (1): (2) Integrating this for the boundary conditions t = 0 to t = t and q t = 0 to q t = q t we have:
Eq. (3) can be rearranged to obtain a linear form:
The constants can be determined by plotting t/q t against t or by numerically fitting the model to the experimental data.
The degree of fitting of the model to the data was assessed by considering two factors (Homem et al., 2010) , correlation coefficient (R 2 ) and normalized standard deviation (SD) given by: (5) where q exp and q calc correspond to the experimental and calculated values of amount of paraquat adsorbed and n corresponds to the number of data points.
Adsorption isotherms
At constant temperature, the equilibrium relation between the amount adsorbed in the solid and the bulk liquid concentration, is known as the adsorption isotherm (Rouquerol et al., 1998; Cussler, 1997) .
In order to quantify the adsorption capacity of the adsorbents for the removal of paraquat from aqueous solutions, in a set of pre-determined conditions, the Langmuir and Freundlich models were applied. These models may be described by equations (6) and (7) (Homem et al., 2010; Vagi et al., 2010) , respectively, and were used to determine isotherm constants and maximum adsorption capacity of the different situations in this study.
(6) (7) In these equations, q e (mg/g) is the mass of paraquat adsorbed per unit mass of sorbent at equilibrium; q max (mg/g) is the maximum adsorption capacity of the adsorbent (mass of paraquat per unit mass of sorbent); C e (mg/l) is the concentration of paraquat in the bulk liquid at the equilibrium; K L (l/mg) and K F (mg/g(mg/l) -1/n ) are the adsorption equilibrium constants in each model and n is the Freundlich constant.
Results
Characterization of natural source clay -chemical analysis
The clay samples were mainly composed by Al 2 O 3 (34%) and SiO 2 (49%), the rest of the components being present in trace amounts (Table 1) .
Characterization of natural source clay -mineralogical analysis
The data obtained from the mineralogical analysis led to the confirmation of the type of clay used in these studies (Table 2) . Kaolin is an aluminum-silicate mineral belonging to the class of clays, comprising more than one mineralogical species, the dominant one being kaolinite (Oliveira, 1990) . This was confirmed in this study, where kaolinite represents 77% of the total component. 
Textural characterization and granulometric analysis
The clay samples presented a BET surface area of 13.8 m 2 g -1 ; the particles exhibited a total pore volume of 0.068 cm 3 g -1 and pore dimensions of 21 Å. Particle size analyses yielded an average particle diameter of 15 µm.
Paraquat adsorption and desorption studies
A reduction of approximately 18% (from 50 mg/l to 41 mg/l) in paraquat concentration in the liquid was obtained from the exposure of the suspended particles (kaolin and particle mixture) to the herbicide under the studied conditions (Fig. 1) .
For both kaolin and mixed kaolin/hematite suspensions, paraquat adsorption phenomena seems to reach a plateau quite rapidly (few minutes), beyond which no significant variations where registered, considering standard deviations and statistical analysis (using t-student test analysis P>0.05). In these assays, the presence of hematite does not seem to affect paraquat adsorption.
Regarding the desorption studies; the obtained results (data not shown) indicate that this phenomenon does not seem to be relevant. No measurable desorption could be detected. 
Sorbent concentration effect on the amount of paraquat adsorbed
According to the data presented in Fig. 2 and Fig. 3 , the higher the concentration of sorbent, the less residual paraquat remained in the bulk solution. This represents the adsorption capacity of the sorbent for a given concentration of chemical. Considering the same initial quantity of paraquat, the increase in the adsorbent dosage caused an improvement in the removal efficiency leading to a greater amount of adsorbed chemical, as expected. Fig. 2 . Changes in paraquat concentration overtime, using different dosages of kaolin suspensions (1, 1.5, 2 and 3 g/l) exposed to a 50 mg/l paraquat solution at room temperature (23ºC). Means with standard deviation determined for two replicates are illustrated. Fig. 3 . Changes in paraquat concentration overtime, using different dosages of a mixture of kaolin and hematite suspensions, R K/IO = 2:1 (1+0.5, 1.5+0.75, 2+1 and 3+1.5 g/l) exposed to a 50 mg/l paraquat solution at room temperature. Means with standard deviation determined for two replicates are illustrated.
Agitation speed effect on the amount of paraquat adsorbed
The effect of agitation speed on paraquat adsorption using adsorbent dosages of 2 g/l of kaolin and a mixture of 2 g/l of kaolin plus 1 g/l of hematite with an initial paraquat concentration of 50 mg/l is shown in Fig. 4 . Fig. 4 . Variations in paraquat concentration overtime for kaolin (2 g/l) and mixed particle (RK/IO= 2:1) suspensions exposed to a 50 mg/l paraquat solution at different agitation speeds (330 and 550 rpm) at room temperature (23 ºC). Means with standard deviation determined for two replicates are illustrated This assay was carried out using two different agitations speeds (330 and 550 rpm) and the collected data suggest that variations in this parameter seem to have a negligible effect on the amount of paraquat adsorbed.
Initial pH effect on the amount of paraquat adsorption onto kaolin particles
The solution's pH is an important variable in the adsorption processes. The effect of this parameter was evaluated using two different pH values (3 and 7). Preliminary tests between nitric acid and paraquat did not show any interference with the adsorption process. The results (Fig. 5) show that the adsorption behavior within acidic and neutral conditions is similar. Equilibrium is achieved almost instantly, implying that pH variations do not have a meaningful effect (P>0.05) on paraquat adsorption onto kaolin, within the studied range. An alkaline medium was also tested; however, due to analytical limitations, the collected data were not valid. 
Paraquat adsorption isotherms
From the data presented in Fig. 6 , the differences between the adsorption behavior among the different combinations of adsorbents are clear. Fig. 6 . Effect of adsorbent composition (kaolin; hematite or kaolin/hematite (R K/IO = 2:1)) and temperature (8 and 28ºC) in adsorption isotherms performed at 150 rpm, during 4 hours. Adsorption Capacity is represented by q e and paraquat concentration in equilibrium in water is represented by C e The adsorption capacity of hematite is very low when compared to the remaining cases; on the other hand, the maximum adsorption capacity of the mixture kaolin/hematite is lower than the one obtained using only kaolin.
Regarding the effect of temperature on the maximum adsorption capacity, the two the studied situations (from 8 to 28ºC) did not indicate any sensitivity to this parameter.
Model fitting and kinetic parameters
Adsorption kinetics
In order to analyze the experimental data in terms of the adsorption kinetics, a pseudo-second order model was used to fit the data.
The values of k, q e and correlation coefficient (R 2 ) for the studied cases are listed in Tables 3 to 6. The kinetics of paraquat adsorption is well represented by this pseudo-second order model in all cases, with correlation factors close to 1. Table 5 . Kinetic parameters and correlation coefficient for paraquat adsorption onto kaolin (2 g/l) and mixed (2:1 g/l) suspensions exposed to a 50 mg/l solution of paraquat and tested with different agitation speeds (23ºC, and 24 hours of total contact time). The kinetic parameters presented in this Table 6 . Kinetic parameters and correlation coefficient for paraquat adsorption onto kaolin (2 g/l) suspensions exposed to a 50 mg/l solution of paraquat and tested with two different pH values (3 and 7), at 23ºC with 440 rpm of agitation speed and 4 hours of contact time). The kinetic parameters presented in this 
Isotherm data
The parameters of all adsorption isotherms are compiled in Table 7 . In general, both models (Langmuir and Freundlich) fit the experimental data quite well; however, the Langmuir isotherm presents slightly higher correlation coefficient values (R
2
) and slightly smaller normalized standard deviation (SD), which make it a better approach to describe the equilibrium data (Fig. 7) . 
Discussion
Textural characterization and granulometric analysis
The mesopore volume of the clay is largely predominant, since no significant micro porosity was detected. When comparing BET area values with data collected from the literature, the obtained data are consistent with several previous studies (Nandi et al., 2009a; Nandi et al., 2009b; Koppelman, Dillard, 1977; Quintelas et al., 2011) . However, different values can also be found in other studies, such as 20.2 m 2 g -1 (Sjӧberg et al., 1999) or 33.5 m 2 g -1 (Sen et al., 2002) , although they are of the same order of magnitude of the value obtained in the present study (13.8 m 2 g -1 ). Regarding the average particle size, there is no consensus in the published literature, with distinct values being provided (e.g. 0.77 µm (Koppelman, Dillard, 1977) , 2.37 µm (Quintelas et al., 2011) , 9.6 µm (Bouzerara et al., 2006) . These disparities in the average particle size may be related to different degrees of purity of the kaolin samples or the level of particle aggregation.
Paraquat adsorption and desorption studies
The paraquat adsorption behaviour observed in the present work is supported by other studies available in the literature (Amondham et al., 2006; Tsai et al., 2004; Draoui et al., 1999) .
Paraquat is known to adsorb strongly on clay minerals (Tsai et al., 2003b) . The high affinity between paraquat and clay minerals is related to its high polar nature, although other interactions such as van der Waals forces and charge transfer complexes may contribute to the binding in the interlayer space (De Keizer, 1990) . Paraquat molecules bear two positive charges which suggest that the main driving force for adsorption is electrostatic and that the adsorption process can be assumed to be completed when the surface charge is neutralized (Draoui et al., 1999) . The cationic nature of the chemical promotes the binding between the herbicide and negatively-charged surfaces of clay (Smith, Mayfield, 1977) .
The obtained results suggest that, under the present experimental conditions, there are no restrictions caused by the mass transfer process (either external or internal) that might prevent paraquat molecules from quickly reaching and interacting with the active sites of the adsorbent. From the instant paraquat contacts with the adsorbent, an interaction occurs, promoting the neutralization of the charges in the mineral particles.
Pesticide desorption processes have been less studied than adsorption. On the other hand, the degree of irreversibility of the adsorption is very important when it comes to the determination of the mobility of any pesticide in the aquatic environment (Gao et al., 1998) .
Data obtained from the desorption assays (not shown) indicate that this phenomena may be neglected in the experimental conditions applied. This outcome is supported by the results obtained by Santos et al. (Santos et al., 2013) in a study concerning the adsorption of paraquat on deposits from drinking water networks. The inexistent or negligible desorption of paraquat can be explained by the strong adsorption capacity attributed to binding in the inter-layer of clay minerals, by which, to some degree of coverage, no paraquat could be analytically detected in solution (Calderon, 2000) . Moreover, adsorption is usually restricted to the amount corresponding to the cation exchange capacity, the occurrence of a charge reversion being unlikely (De Keizer, 1990) . Based on this information the result obtained with the desorption studies was somewhat expectable.
Sorbent concentration effect
Relating the data from this assay to the ones from the standard adsorption studies, it seems that the amount of adsorbent does not affect the adsorption rate, i.e. equilibrium is still achieved almost instantly, only the amount of bounded paraquat in the equilibrium being affected. This result supports the assumption that, from the moment paraquat contacts with the sorbent, interaction occurs, immediately promoting the neutralization of the charges in the mineral particles and quickly leading to an equilibrium state, as previously referred to.
Agitation speed effect on the amount of paraquat adsorbed
The results obtained in theses assays are supported by the study of Tsai et al. (Tsai et al., 2003b) for the adsorption of paraquat onto activated clay, where the effect of the agitation speed ranging from 200 to 600 rpm on paraquat adsorption was also considered insignificant.
Initial pH effect on the amount of paraquat adsorbed onto kaolin particles
The results obtained in these studies are comparable with others reported in the literature: Rytwo et al. (Rytwo et al., 2002) , in their study on diquat, paraquat and methyl green adsorption on sepiolite, indicated that adsorption of paraquat was essentially independent of pH in the range of 4.5-8.5; Tsai et al. (Tsai et al., 2002) , in their work on paraquat adsorption onto activated bleaching earth referred that at pH ranges of 3-8, the effect of this parameter could be considered negligible; Draoui et al. (Draoui et al., 1999) , in their study on paraquat adsorption onto minerals, indicate that using kaolinite, the maximum amount of adsorbed paraquat is pHdependent, increasing with the rise of pH values; Tsai and other authors (Tsai et al., 2003b) , when studying paraquat adsorption on regenerated clay mineral (Tsai, Lai, 2006) and activated clay (Tsai et al., 2003a; Tsai et al., 2003b) reported that as the pH increased, the adsorbed amount of cationic paraquat increased in response, i.e. paraquat adsorption in these adsorbents is pH-dependent.
The available information does not offer a strike tendency regarding what would be expected about the effect of pH in paraquat adsorption onto clays. Considering the results reported by Draoui et al. (Draoui et al., 1999) , paraquat adsorption onto kaolin was expected to be directly related to pH increments; however, in the present study this was not verified.
Paraquat adsorption isotherms
The obtained results indicate an inhibitory effect promoted by hematite particles that was not detected in the adsorption kinetic studies, possibly due to the concentration of pesticide used in those adsorption assays (50 mg/l) being relatively smaller than the maximum concentration used in the isotherm studies (100 mg/l). Looking at the isotherm curves, the point corresponding to an initial concentration of paraquat of 50 mg/l is the last point where the curves overlap.
It is known that any isotherm with a downward curvature is referred to as favorable and any isotherm with an upward curvature is referred to as unfavorable (Cussler, 1997) . The studies performed with kaolin alone and with kaolin/hematite mixture fit into the first category whereas the studies performed with hematite alone can be inserted in the second. This is in agreement with the adsorption assays, were the hematite effect on the adsorption was not related with the amount of adsorbed chemical. Another significant aspect to consider is that an isotherm that is strongly favorable for adsorption, as in the case of kaolin and mixed suspensions, will be strongly unfavorable for the recovery of the adsorbed species (Cussler, 1997) , which helps to explain the desorption results obtained.
The shape of the experimental paraquat adsorption isotherms obtained with kaolin and mixed suspensions may be classified as H-type, according to Giles classification (Giles et al., 1960) , which is typical of the cases where a high affinity exists between the adsorbent and the solute. In the kaolin-paraquat system this is particularly true for the lowest concentrations. The affinity then decreases as the chemical concentration increases because adsorption of additional molecules becomes more difficult due to the progressive lack of specific sites and/or to the presence of less attractive sites. The increase of chemical concentration leads to a saturation of the adsorbent surface.
Model fitting and kinetic parameters
Adsorption kinetics
The molecular structure of paraquat, the negatively charged surface of the clay adsorbent and the fast decrease in residual paraquat concentration at a short time scale point out to a strong electrostatic interaction between the adsorbent and paraquat molecules. Due to these aspects a pseudo-second order model was used to fit the experimental data in the present work (Tsai et al., 2004; Tsai et al., 2003b) .
Analyzing the values of k, q e and R 2 for the studied cases, listed in Tables 3 to 6 , it can be said that paraquat adsorption kinetics is well represented by the pseudosecond order model in all cases, presenting very quite high values of correlation factors.
Comparing the rate constants obtained in the adsorption assays with paraquat adsorption data from the literature (Tsai et al., 2004; Tsai et al., 2005) , the values obtained in the present study are significantly higher, possibly due to the type of sorbent. In these assays, the hematite added to kaolin had no apparent effect on the maximum amount of paraquat adsorbed but caused an enhancement in the adsorption kinetic constant. This suggests that hematite may not act as an adsorbent but presents itself as a facilitator in this adsorption process, under the applied conditions. In fact, the interaction between paraquat and iron oxides is usually low (Iglesias et al., 2010; De Keizer, 1990) . The role of hematite as facilitator can be explained by the formation of a complex kaolin-iron oxide whose charge becomes more negative, accelerating the adsorption of positively charged paraquat molecules, as demonstrated by Pateriro-Maure et al. (Pateiro-Moure et al., 2010) . Another possibility could be the occurrence of changes in the surface charge properties of the hematite particles but to attest this hypothesis, further studies on the surface charge properties (Mustafa et al., 2004; Ramos-Tejada et al., 2003; Iordanova et al., 2005) have to be performed.
In terms of kinetic parameters it can be seen that, the kinetic parameters are presented as a function of adsorbent mass and so, as expected, the quantities of paraquat adsorbed at the equilibrium for the different situations are very similar within each study.
The values of the kinetic rate constant (Table 5 ) appear to indicate that there is an increase on the initial rate of adsorption with the agitation speed (although within the same order of magnitude), which seems to contradict the conclusion drawn from Fig. 4 . This issue may result from the rather small number of data points available for the initial minutes of the adsorption process (the experimental method did not allow more points to be obtained in such a short time span). Different techniques need be developed to determine in detail what happens in the first 30 seconds of the adsorption process.
The experiments performed at different pH, endorse that, in these conditions, this parameter does not have any significant influence on the adsorption process.
Conclusions
1. The results of this study show that suspended kaolin particles are very good adsorbents for paraquat, reaching their maximum sorption capacity almost instantaneously. The study of different parameters showed that, under the tested experimental conditions, the adsorption of paraquat onto suspended particles varies as a function of sorbent dosage but seems to be independent of agitation speed and initial pH. 2. Experimental data were adjusted using a pseudosecond order model and kinetic parameters were determined. Correlations coefficients around 1 showed that the pseudo-second order model reliably predicts the experimental data. 3. Hematite does not seem to act as an adsorbent but as a facilitator in the adsorption process. In the adsorption studies, hematite particles added to kaolin had no apparent effect on the maximum amount of paraquat adsorbed but caused an enhancement in the adsorption kinetic constant. No desorption of paraquat was found. 4. Comparing the two isotherm models applied, Langmuir model provided a better fitting than the Freundlich model, presenting higher correlation coefficient values and smaller normalized standard deviations. 5. Results from equilibrium assays seem to indicate an inhibitory effect promoted by hematite particles (regarding the maximum amount of paraquat adsorbed) that was not detected in the adsorption kinetic studies, possibly due to the concentration of pesticide used in the adsorption assays (50 mg/l) being relatively smaller than the maximum concentration used in the isotherm studies (100 mg/l). Looking at the isotherm curves, the point corresponding to an initial concentration of paraquat of 50 mg/l is the last point where the curves overlap. 
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